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ABSTRACT: Previous efforts to directly write conductive metals have been narrowly
focused on nanoparticle ink suspensions that require aggressive sintering (>200 °C) and
result in low-density, small-grained agglomerates with electrical conductivities <25% of
bulk metal. Here, we demonstrate aerosol jet printing of a reactive ink solution and
characterize high-density (93%) printed silver traces having near-bulk conductivity and
grain sizes greater than the electron mean free path, while only requiring a low-
temperature (80 °C) treatment. We have developed a predictive electronic transport
model which correlates the microstructure to the measured conductivity and identifies a
strategy to approach the practical conductivity limit for printed metals. Our analysis of how
grain boundaries and tortuosity contribute to electrical resistivity provides insight into the
basic materials science that governs how an ink formulator or process developer might
approach improving the conductivity. Transmission line measurements validate that electrical properties are preserved up to 20
GHz, which demonstrates the utility of this technique for printed RF components. This work reveals a new method of producing
robust printed electronics that retain the advantages of rapid prototyping and three-dimensional fabrication while achieving the
performance necessary for success within the aerospace and communications industries.
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■ INTRODUCTION
Additively manufactured electronic components have experi-
enced a rapid growth over the past decade1−3 for prototyping
and three-dimensional material deposition. However, printed
metals often fail to achieve electrical conductivities comparable
to conventionally microfabricated metals and are typically
relegated to rapid prototyping applications rather than high-
performance devices. Most commercially available silver inks
are composed of silver nanoparticles, flakes, and/or other
solids suspended in organic or aqueous solvents.4−8 These
suspension-based inks require physical transport of the metal-
loaded ink to the substrate surface and require aggressive
sintering and/or postprocessing to drive off the carrier liquids
and bind the packed bed of particles into a continuous
agglomerate. The sintering process is strongly temperature-
dependent9 and leads to undesired effects including trapped
solvent, low density, tortuosity, and a large number of high-
resistance interfaces that collectively result in low electrical
conductivity (<25% of bulk metal). Printed nanoparticle traces
are highly porous10−12 and are significantly more resistive than
conventionally manufactured metals such as sputtering,
evaporation, and electroplating.13 This is particularly signifi-
cant for additively manufactured radio frequency (RF)
applications that are sensitive to skin depth and require
dense metals, low insertion losses, and an absence of parasitic
interfaces that interfere with RF transmission. Postprocessing
methods such as high-temperature baking (>200 °C), photonic
curing, or pulsed laser sintering can incrementally increase
conductivity14−16 to within half that of bulk silver (σAg = 6.3 ×
107 S/m), but these methods exceed the degradation
temperature of most additively manufactured or polymeric
substrates.
Throughout the past decade, a promising alternative to
nanoparticle-based inks has emerged in the form of particle-
free reactive metal inks, in which a metal organic
decomposition (MOD) reaction converts a liquid precursor
material into pure metal. The most ubiquitous approach, as
originally described by Walker and Lewis, employs a modified
Tollens’ process in which silver acetate is dissolved in aqueous
ammonium hydroxide and the resulting diamminesilver(I)
complex is reduced to produce dense metallic silver.17−19 A
variety of other MOD reactions that utilize different silver-
organo-complex precursors have also been documented to
yield solid silver with high conductivity.20−24 Reactive inks
avoid the inherent chemistry complications associated with
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surfactants and high-boiling-point organics present in nano-
particle suspensions and remove the need for high-temperature
sintering. Like nanoparticle inks, reactive inks are compatible
with direct-write technologies−the most common is drop-on-
demand (DoD), but successful patterning of reactive inks has
also been demonstrated with other methods including
electrohydrodynamic printing25 and spin-coating.26 In addition
to silver, the MOD approach has also been applied to other
metal systems such as gold, copper, aluminum, and nickel.27−32
Highly conductive metals that can be patterned with
commercially available tools and inks are prime candidates
for implementation within the semiconductor industry. Circuit
designers typically derate metals to ∼75% of the conductivity
of a pure single-crystal metal because of the presence of defects
and grain boundaries in plated metals, so we define this value
to be the practical conductivity limit within the engineering
context of this work. Here, we examine the conductivity and
microstructure of silver nanoparticle inks and reactive silver
inks directly written into metal traces using aerosol jet printing
(AJP). AJP has been developed as a high-fidelity tool capable
of printing a wide variety of materials at resolutions on the
order of 10 μm line width,33,34 but to date, it has been
underrepresented as a tool for patterning reactive inks. With
AJP, we transport the molecular precursor in a collimated spray
onto a substrate surface held at 80 °C. The resulting wet
solution is converted via rapid (∼1 s) thermal decomposition
into a dense solid metal.35 Figure 1 depicts a schematic
representation of the comparison between nanoparticle (a)
and reactive metal inks (b). Both inks are aerosolized into pL-
sized droplets. Nanoparticle ink droplets contain solid metal
suspended in the carrier solvent, while the reactive metal ink
droplets contain only the solution-phase molecular precursor.
After printing, the nanoparticle trace is observed to be a low-
density (40%) network of agglomerated spheres where the
nanoparticles are pulled into loose contact by surface energy
forces and reinforced with sintering. In contrast, the reactive
metal trace is observed to be a high-density (93%) series of
overlapping large-grained metal plates that form a polycrystal-
line trace during thermal decomposition. The line profiles
shown for the nanoparticle and reactive ink in Figure 1c,e
demonstrate high-aspect-ratio traces with the ability to print
multiple layers to add thickness to the trace. The scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) images in Figure 1d,f−j show the stark
difference in microstructure between the traces. The nano-
particle trace is composed of many small particles (∼20 nm)
that are loosely packed and only contact at the edges, whereas
the reactive trace shows large plates (∼120 nm) that are
Figure 1. Representation of the printing process and resulting microstructures for the AJP nanoparticle (a) and reactive (b) inks, where voids are
indicated by the white color contrast. Profilometry scans (c,e), cross-section SEM (d,f), plan-view SEM (g,i), and bright-field TEM (h,j) of
nanoparticle and reactive metal traces. Experimental setup for DC (k) and RF (l) device tests.
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densely packed with minimal voiding or discontinuities. The
surface images also suggest that the reactive trace is smoother
and more uniform than the nanoparticle trace.
Device Design and Fabrication. We print our devices
with an Optomec AJ300 aerosol jet printer fitted with a 100
μm nozzle. The ink may be aerosolized either ultrasonically or
pneumatically, and the printer is operated in a regime in which
dry air acts as an annular sheath gas to contain the ink mist
within a collimated beam. The ink is printed onto a substrate
on a heated platen. Multiple layers are printed to achieve a
range of aspect ratios to ensure that our measured conductivity
is insensitive to device geometry and is derived primarily from
intrinsic material properties. The DC conductivity devices are
printed on a 500 μm-thick silicon wafer with 285 nm thermal
SiO2 that acts as a dielectric barrier to prevent current leakage.
We print four-point device structures as shown in Figure 1k to
eliminate the effect of contact resistance. We use high-aspect-
ratio lines to increase the device resistance and improve our
overall measurement sensitivity and signal-to-noise ratio. Stylus
profilometry is used to determine the cross-sectional area of
each trace in order to calculate the media conductivity from
the measured resistance. To probe high-frequency RF
properties (0.1−20 GHz), we print microstrip transmission
lines as shown in Figure 1l onto a 140 μm-thick polyimide film
and measure the transmission line S-parameters.
The silver nanoparticle traces are printed with a
commercially available silver nanoparticle ink (Advanced
Nano Products AS 1:4) using ultrasonic atomization. We use
a nozzle-to-substrate distance of 3 mm, a sheath flow rate of 10
sccm, and an atomizer flow rate of 15 sccm to ensure we are
printing continuous traces with minimal overspray. With a
print head speed of 2 mm s−1, this results in a single-trace
width of 13.6 ± 0.2 μm. We print four aspect ratios: a single
trace (1 × 1), two traces printed side-by-side (1 × 2), a single
trace printed with two passes (2 × 1), and a double trace with
two passes (2 × 2). After printing, the devices are sintered for
2 h in a 200 °C oven as specified by the ink manufacturer. The
reactive ink used in this study (Electroninks EI-1403) was
synthesized using the modified Tollens’ chemistry described
previously. The traces are printed using pneumatic atom-
ization, in which we use a nozzle-to-substrate distance of 3
mm, a sheath flow rate of 70 sccm, an atomizer flow rate of 500
sccm, and an exhaust flow rate of 540 sccm. With a print head
speed of 5 mm s−1, this results in a continuous wet film that is
50 ± 5 μm wide and devoid of any overspray effects. The
platen is heated to maintain a substrate temperature of 80 °C
to enable thermal decomposition of the liquid ink upon
printing. Minimal spreading is observed in the moment
between deposition and reaction, which affects the achievable
line width. We vary the aspect ratio of the traces by
maintaining a constant target width and increasing the number
of printer passes to build up the material thickness. A single
pass deposits a peak trace height of 0.35 ± 0.07 μm, and the
final film thickness scales approximately linearly with the
number of passes (see Figure S2 in the Supporting
Information). The four-point structures are printed from 1
to 10 passes (0.35−3.5 μm, respectively) to ensure that the
material properties are independent of thickness or near-
interface effects. The RF microstrips are printed 10 layers thick
to ensure a metal thickness greater than the skin depth for RF
in the frequency range of our tests. Although the reactive traces
are fully solidified after printing on the heated platen, we also
explore longer annealing times (0.5, 1, and 25 h) to assess the
asymptotic limit to conductivity. A second set of four-point
structures was annealed for 1 h at 300 °C to test the effects of
very high-temperature annealing.
The method of ink deposition can also have an effect on the
printed metal morphology. DoD printing generally produces
smoother and higher density traces,4 so we also characterize
DoD reactive metal traces to compare the resulting micro-
structure to that of our AJP reactive traces. We use a Fujifilm
Dimatix 2831 equipped with a 21.5 μm nozzle. To expel the
ink droplets (∼10 pL volume), we use a standard Dimatix
Model Fluid waveform with a voltage of 22 V, a duration of 3.5
μs, and a frequency of 2.5 kHz. During printing the platen was
maintained at 60 °C, and after printing the traces underwent a
160−210 °C ramp annealing to drive off any residual organic
solvent.
Printed Metal Morphology. The electrical properties of
printed metals depend on a combination of the intrinsic
material chemistry and the morphology (see Table S2 in the
Supporting Information), which includes contributions from
the porosity and voiding, the tortuosity that artificially
increases the conduction path length, the interfacial topology
that increases surface scattering (particularly at high
frequencies), and the grain size and grain distribution which
comprise the microstructure.
We characterize the microstructure and porosity of our
printed metal traces using a combination of SEM, TEM, and
X-ray diffraction (XRD). The material microstructure contrib-
utes to electron scattering from interfaces and other internal
defects. XRD and TEM selected area diffraction reveal that the
nanoparticle grains are randomly oriented, which is to be
expected for an agglomeration of spherical particles. We
calculate the average grain size to be 24 nm using the Scherrer
equation,36 which is in good agreement with the measured
average line-of-sight distance of 21 nm observed from TEM
image processing. The AJP reactive traces demonstrate slight
(111) texturing which is likely because of preferential
formation of close-packed faces during crystal growth
immediately after printing.37 TEM reveals a much larger
average line-of-sight distance of 120 nm for the AJP traces and
460 nm for the DoD traces. Additionally, energy-dispersive
spectroscopy shows the reactive ink traces to be nearly pure
silver. This was corroborated by FTIR (Thermo Scientific
Nicolet 6700 FTIR equipped with a Golden Gate ATR crystal)
in which no organic contamination was detected above the
noise floor of the measurement.
To obtain the density of our printed traces (Φsolid), we use
image processing of TEM images and assume that the two-
dimensional slice is representative of a randomly oriented,
isotropic material. After thresholding and binarizing the
images, we perform a particle analysis to yield Φsolid = 40%
± 6% solid for the nanoparticle traces, Φsolid = 93% ± 2% solid
for the AJP reactive silver, and Φsolid = 95% ± 1% for the DoD
reactive silver. The relatively large (60%) void volume in the
nanoparticle traces is attributed to the low solid content of the
packed nanoparticles in the printed film. The small (7 and 5%)
void volume in the reactive metal traces is likely formed during
the evaporation of the organic solvent during printing. A
material’s density can affect its conductivity in multiple ways.
First, the current density is increased by an increase in
conduction path volume. A less dense material such as the
nanoparticle traces contains a reduced area through which it
can conduct electrons. Second, the tortuosity of the electrical
pathway due to low interface area artificially lengthens the path
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an electron must travel. Finally, the large number of discrete
particles increases surface and grain boundary scattering, the
former of which is particularly affected at higher frequencies.
Compared to nanoparticle inks, reactive inks possess
significantly larger grains, reduced porosity, and a lack of
chemical impurities. Combined, these factors are the reason we
observe such a dramatic improvement in electrical properties
which exceed other nanoparticle-based printing efforts to date.
DC Conductivity. We measure the resistance of the
printed traces by sweeping current from −10 to +10 mA
through the device and measuring the voltage across the test
section. The resistance is calculated from the slope of a linear
regression fit to the I−V characteristic. We calculate the media
conductivity (σ) by measuring the resistance of lines with
different aspect ratios (equal to length L divided by cross-
sectional area A, see Figure 2a), and fitting the equationÄ
ÇÅÅÅÅÅÅÅÅ
É
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Figure 2a shows the resistance of annealed, printed
nanoparticle traces with a best fit conductivity value equal to
24% of pure bulk silver and the resistance of the as-printed
(i.e., no annealing) reactive ink traces with a best fit
conductivity value equal to 61% of bulk silver. The reactive
ink trace conductivity remained unchanged after annealing in a
100 °C oven for 1 h, which is expected because the traces
already reacted during printing and small quantities of
additional heat do not provide enough thermal energy to
appreciably alter the microstructure via grain growth or
diffusion. However, the addition of a postprocess annealing
step at high temperature may enhance conductivity via grain
ripening.38,39 After a 1 h bake in a 300 °C oven, the
conductivity increased to 73% of bulk silver, which is denoted
by the green data points. As a comparison, electroplated
copper traces used widely in the industry40,41 are observed to
have a conductivity of 90% of bulk copper, which is equivalent
to ∼85% of bulk silver.
For a polycrystalline porous metal, the maximum achievable
conductivity is limited by the diffusive-transport effects
associated with the metal’s porosity. We use Maxwell’s effective
medium theory (EMT) to estimate the conductivity reduction
for subunity densities in isotropic porous media.46 This model
is most accurate for high-density porous metals such as those
found in our reactive ink traces and offers a meaningful
approximation for the low-density porous metals found in our
nanoparticle ink traces. Because the voids do not contribute to
conduction, the effective conductivity of a medium due to
reduced density σeff,EMT can be written asi
kjjjjj
y
{zzzzz23eff,EMT metal solidsolidσ σ= Φ− Φ (2)
where Φsolid is the volume fraction of the conductive media (in
which Φsolid = 1 − Φvoid), and σmetal is the bulk conductivity of
the metal phase (i.e., 6.3 × 107 S/m for silver). This expression
is valid in the limit of a dilute and even distribution of spherical
voids embedded in solid material.
In addition to transport limitations due to porosity, the
subcontinuum effects of grain boundary scattering are present
when the grain size is comparable to the intrinsic electron
mean free path λo. We consider the length scales of the
morphological features in our devices using Matthiessen’s
rule47 to define the effective mean free path λeff
1 1 1
eff o LoSλ λ λ
= +
(3)
where λo is the mean free path of an electron in silver (53 nm
at 300 K),48 and λLoS is the characteristic line-of-sight distance
for an electron moving across a grain in the ballistic transport
regime. In geometric terms, λLoS represents the average chord
length in a sphere of a given radius r and is equal to 4r/π. With
TEM, we observe a two-dimensional cross-section of randomly
oriented grains and measure this value with appropriate image
analysis (see Figure S4 in the Supporting Information for
details). This measured characteristic length is not necessarily
the maximum distance across the spherical grain but is instead
a representation of the distribution of paths that would cross
the grain in three-dimensional space. Table 1 below presents
the characteristic length and the estimated average grain size
determined from this relationship.
According to kinetic theory,49,50 our model assumes that
there is a linear relationship between the electrical conductivity
of a material and the corresponding electron mean free path
Figure 2. (a) Conductivity of AJP nanoparticle and reactive silver traces. Reactive inks are more conductive than nanoparticle inks and even
approach the conductivity of plated copper, a well-known industry standard. Reference data reproduced from refs 42−45. (b,c) RF S-parameters
measured for a set of the as-printed reactive ink microstrips show features characteristic of a highly conductive metal.
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Combining the previous equations yields the following
expression for our multiscale model in which the effective
conductivity is a function of macroscale diffusive transport
effects as well as microscale subcontinuum effectsÄ
Ç
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Table 2 displays the material porosity, maximum theoretical
conductivity, model-predicted conductivity, and experimentally
determined conductivity for each of the metal traces in this
work. While the model prediction is sufficiently close to the
observed behavior for the reactive inks, the large discrepancy
seen for the nanoparticle traces may be attributed to the
inaccuracy of Maxwell’s EMT at low densities.51 At such low
volume fractions, the assumptions present in EMT (spherical,
spatially separated voids) are not met and will result in an
inaccurate prediction. It is also possible that our model
overpredicts the impact of grain boundary scattering.
Matthiessen’s rule is a scaling argument that is best used for
estimating the effects of independent scattering mechanisms in
a complex medium, and it becomes sensitive to uncertainty
when there are multiple dominant scattering mechanisms. As
the complexity of the structure increases, multiple scattering
rates become comparable in magnitude, and this approx-
imation may not provide a precise prediction of total
conductivity. This could come from a subunity scattering
rate at the grain boundaries.52 Because the reactive inks have
grains much larger than the mean free path, Matthiessen’s rule
can be thought of as a perturbation from bulk transport.
However, the small grains of nanoparticle inks lead to a
scenario where the competing scattering mechanisms are all
comparable and any uncertainty in one input (e.g. grain size)
may lead to a large error in the predicted quantity, as seen
here.
The predicted effective conductivity versus characteristic
length determined from the two-dimensional TEM image is
shown in Figure 3a, and the statistical distribution shown in
Figure 3b demonstrates the significant difference in grain size
for the nanoparticle versus AJP and DoD reactive metal traces.
This distribution was created using a number-weighted
average; the volume-weighted average is displayed in the
inset to accurately reflect the three-dimensional transport
occurring in the materials system. The AJP reactive silver
possesses an average characteristic length nearly an order of
magnitude larger than that of the nanoparticle traces, and it is
even larger for the DoD reactive silver traces. The larger grains
in the reactive ink traces and longer line-of-sight conduction
paths between voids compared the nanoparticle traces increase
the effective mean free path toward the bulk value with a
corresponding preservation of bulk-like conductivity. The
difference in grain size between AJP and DoD traces may be
attributed to the underlying nucleation and growth mecha-
nisms within each deposition method.
This model describes the path to approach the practical
conductivity limit of ∼75% through thoughtful engineering of
the materials system. To advance beyond this limit requires
adjustments in pure metallurgy and single-crystal growth, both
of which are significantly more niche aspects of material
fabrication than conventional device processing or electronics
manufacturing. One method will be to increase the density of
the printed metal. As trace density approaches unity, the EMT
limit approaches that of a bulk metal. The conductivity can
also be improved by increasing the grain size of the printed
metal. Larger grains result in fewer grain boundaries to act as
scattering sites, which is expressed in the trend toward the
EMT limit at length scales well above the electron mean free
path. Because the grain size of nanoparticle traces is ultimately
limited by the particle size in the original ink suspension,
reactive inks present a unique opportunity to reach an area of
processing space that has previously been inaccessible.
Notably, this is made possible through the use of commercially
available tools and inks as opposed to the specialized
equipment or modifications that would be difficult to
reproduce in a semiconductor foundry setting.
RF Measurements. At radio frequencies, the volume of
available conductor is dictated by the skin depth effect,53 in
which electrons migrate toward the surface and do not travel
uniformly within the bulk volume of the trace as in the DC
limit. The skin depth is the distance from the conductor edge
where the signal diminishes to 1/e of the surface conductivity,
which is highly dependent on frequency. Therefore, a smooth,
dense metal that is free from significant porosity is required at
high frequencies to efficiently conduct current. We measure
the material properties of the reactive metal traces from 0.1 to
20 GHz by printing 50 Ω microstrip transmission lines and
using a network analyzer to extract the S-parameter matrix.
This quantifies the relative amount of energy that is
transmitted through the signal line and the associated losses
from reflections at the interfaces between the line and the
connectors. A connectorized microstrip test setup is compat-
ible with a variety of standardized RF testing equipment and
coaxial calibration kits, which allows us to rapidly assess initial
performance of the printed device properties. The microstrip
device design shown in Figure 1l is printed on a 140 μm-thick
polyimide substrate with copper tape affixed to the back side as
the ground metal. The devices are connectorized with two 2.4
mm jack end launch connectors (Southwest Microwave model
Table 1. Characteristic Length and Estimated Grain Size
from TEM
characteristic length λLoS
[nm] (measured from TEM
image analysis)
average grain diameter
[nm] (estimated from
4r/π relationship)
AJP nanoparticle 21 33
AJP reactive 120 190
DoD reactive 460 720
Table 2. Predicted and Measured Conductivity Values
Φmetal (Φvoid) metal density
(void fraction)
σeff,EMT EMT conductivity limit
(from eq 2) (%)
σeff predicted conductivity
(from eq 5) (%)
σmeas experimentally measured
conductivity (%)
AJP nanoparticle 0.40 (0.60) 31 10 24
AJP reactive 0.93 (0.7) 90 63 61
DoD reactive 0.95 (0.5) 93 83 82
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no. 1492-02A-6) and calibrated cables driven by a program-
mable network analyzer (PNA).
The signal reflection and transmission of the as-printed
reactive ink microstrips are shown in Figure 2b,c, respectively.
The lobe pattern present in the measured return loss (S11) is
consistent with a simulation created from known physical
properties of the device including the transmission line width
(310 μm), length (2.5 cm), metal thickness (3 μm), and
substrate dielectric constant (3.5). We confirm our measure-
ment by using the following equation to calculate the length of
the transmission line from the periodicity of the lobes
L c
f2 rε
= × Δ (6)
where L is the length of the line, c is the speed of light in
vacuum, εr is the dielectric constant of the polyimide substrate,
and Δf is the spacing between the periodic lobes (Δf = 3.6
GHz). The calculated length is 2.3 cm, which matches the
measured length to within ∼8%. The agreement between the
measured and simulated data and corroboration across
measurements demonstrates that the reactive ink trace has
electrical transport properties similar to a conventional metal
up to radio frequencies. Furthermore, the return loss for the
reactive traces is low (<15 dB) across the entire range of
frequencies tested, which is characteristic of a dense
conductive metal that has a smooth interface with the
substrate. The magnitude of the return loss includes
contributions from reflection at the connector interface that
cannot be independently isolated using this measurement
setup and necessitates more specialized RF testing techniques.
The S21 measurements are consistent with low-frequency
simulations and confirm the material conductivity values
obtained from DC four-point testing. The shape of the curve
is also consistent with that of a transmission line, which has a
steeper slope proportional to 1/f at low frequencies, but
transitions to a flatter slope with 1/√f scaling at higher
frequencies (>2 GHz) because of the skin depth effect.
The performance of dense reactive metals is superior to that
of porous nanoparticle traces in the RF regime as well as the
DC limit. Printed nanoparticle lines performed so poorly in RF
tests that the output data is functionally equivalent to an open
circuit with signals that are impossible to fit to any physical
model and are not reproducible, even among repeated tests of
the same device. This was determined from auxiliary
experiments to originate from a combination of poor contact
at the connector interface as well as the intrinsic discontinuities
and reflections within the low-density metal, and the
deconvolution of these two effects is otherwise impossible.
Dense, highly conductive metals directly translate to
enhanced performance in RF devices. This RF demonstration
shows that reactive metal traces can be printed to be virtually
indistinguishable from conventionally microfabricated metals
from the DC limit to 20 GHz. Printable reactive metal inks
could feasibly replace conventional metals for a variety of RF
devices including waveguides and antennas and can enable
three-dimensional RF structures that cannot be conventionally
manufactured. This approach is well-suited for a variety of
high-performance device applications and related RF compo-
nents within the aerospace industry.
■ CONCLUSIONS
We used AJP to fabricate conductive metal traces from
nanoparticle and reactive inks to contrast their microstructures
and conductivities and to provide an initial demonstration of
RF performance. The DC conductivity values are supported by
a simple kinetic theory electrical transport model that
accurately predicts the observed conductivity to within 3%
error for the reactive metal traces. We identify a path through
densification and grain refinement to approach the practical
conductivity limits (∼75%) using printed reactive metal inks.
As we approach the ideal morphology of printed metal traces,
further process optimization can lead to larger grain sizes and
fewer voids to achieve higher electrical conductivity. Density
can be increased by reducing the solvent evaporation rate
through temperature control during solidification of the wet
film and through refinement in ink chemistry. Alternative
printing methods which reduce the number of nucleation sites
will also lead to larger grain size and thus higher conductivity.
This work represents a critical path toward high-performance
additively manufactured electronics and RF components.
Figure 3. (a) Predictive model for determining the conductivity of the printed metal with experimental data shown. There is an inherent limit
based on the porosity of the material, which is further refined by the average grain size. (b) The distribution of characteristic lengths for each
material used in this work. The main figure displays the distribution as a number-weighted average, while the inset shows a volume-weighted
average of the estimated grain size calculated from the characteristic length. The mean grain size for both of these methods is the same value.
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